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SUMMARY

Our long term goal has been to make detached solidification reproducible, which requires a full
understanding of the mechanisms underlying it. Our Moving Meniscus Model of steady-state
detachment predicts that it depends strongly on the surface tension of the melt and the advancing
contact angle with the ampoule wall. Thus, the objective of the current project was to determine
the influence of residual gases on the surface tension and contact angle of molten semiconductors
on typical ampoule materials. Our focus was on the influence of oxygen on indium antimonide
on clean silica (“quartz”).

The research was performed by three chemical cngineering graduate students, the third of whom
will complete his research in the summer of 2005.

Originally, we had planned to use a sealed silica cell containing a zirconia electrochemical
element to control the oxygen partial pressure. However, zirconia requires an operating
temperature above the 530°C melting point of InSb and is difficult to form a gas-tight seal with
silica. Thus, we decided instead to flow an oxygen-containing gas through the cell. A special
apparatus was designed, built and perfected. A piece of InSb was placed on a horizontal silica
plate in a quartz cell. High purity argon, helium or hydrogen-containing gas is passed
continuously through the cell while the oxygen concentration in the effluent gas is measured.
The shape of the resulting drop was used to determine contact angle and surface tension of Ga-
doped and high purity InSb. Oxygen appeared to decrease the contact angle, and definitely did
not increase it.

The following section gives the background for the research. Section 2 summarizes the results
obtained on Ga-doped InSb with relatively high oxygen concentrations. Section 3 describes
recent improvements made to the apparatus and methods of analysis. Section 4 gives recent
results for high-purity InSb at low oxygen concentrations. Final results will be obtained only this
summer (2005). Each section has its own references.

1. BACKGROUND AND INTRODUCTION
1.1. Detached solidification

Detached solidification has been observed in many microgravity experiments [1].! When it
occurred, the perfection of the resulting crystals was greatly increased, making them much more
useful for electronic and opto-electronic devices. Although detachment has been common, it
has also been non-reproducible and erratic, for unknown reasons. Our long term goal is to make
detachment reproducible, which requires a full understanding of the mechanisms underlying it.

Detached solidification was first observed in Skylab experiments about 25 years ago. Our 1995
Moving Meniscus Model provided the first real understanding of the mechanism [2]. Schematic
diagrams are given in Figures 1.1 and 2. We explored the consequences of this model for InSb

! Each section has its own references, each beginning anew with [1].




[3-9] and for water [10] using numerical solutions of the differential equations and boundary
conditions for fluid flow and mass transfer of dissolved gas.

Ampoule Meniscus (for Po > Pyy)

enlarged area Gas at P, (gap)

Figure 1.1. The Moving Meniscus Model of detached solidification {2-10].
The enlarged area is shown in Figure 2.

Ampoule wall

Figure 1.2. Enlarged meniscus area from Figure 1.1. As solidification progresses,
the meniscus advances along the ampoule wall. Here a is the growth angle, 0 is the
contact angle, e is the gap width, and R is the ampoule diameter.




‘We showed that detachment is favored by a high contact angle” of the melt on the ampoule wall,
high growth angle, low surface tension between the melt and the gas in the gap, high
concentration of dissolved gas, and intermediate freezing rates.

Detached solidification of lightly gallium-doped indium antimonide was achieved in the
laboratory only when the ampoule was coated with hexagonal boron nitride and when the
material appeared to be oxide-free [43]. A furnace was constructed with the temperature
increasing with height in order to minimize bouyancy-driven convection, so as to maximize
transport of segregated dissolved gases into the gap between the growing solid and the ampoule
wall. There appeared to be no difference in results with freezing rates of 5 mm/h and 10 mm/h.
Best results were obtained when the ampoule was backfilled with 20 kPa of Ar-10%H; prior to
sealing. The detached portions were depressed by several um from adjacent attached regions,
were dull, and sometimes had microfacets and steps.

A vertical Bridgman-Stockbarger apparatus was used to directionally solidify water upward, in
the hope that detached solidification would evolve from gas bubbles forming on the wall [42]. A
large contact angle of the water on the ampoule wall and a high solubility of the dissolved gas
caused gas bubbles or tubes to form only at the ampoule wall, and not in the interior. Gas tubes
were often nearly periodically spaced around the ampoule wall, with a spacing that increased
with ampoule diameter and decreased with freezing rate. The width of the gas tubes was nearly
independent of the ampoule diameter and freezing rate. A high degree of detachment was
obtained with a rough, non-wetting coating on the ampoule wall, but full detachment was not
achieved. This indicates that detachment does not occur by propagation of a single gas bubble
around the periphery of the freezing interface. The convection near the freezing interface
influenced gas bubble formation, and was outward for a concave freezing interface and inward
for a convex interface. Similar semi-periodic gas tubes were produced in freezing of zone-
refined naphthalene.

Non-dimensionalization of the governing equations for the Moving Meniscus Model allowed
consolidation of the operating conditions and physical properties into five dimensionless
parameters [41,44]. At steady state, the flux of gas dissolved in the melt moving toward the
freezing interface must equal the sum of the flux of gas into the gap plus that being incorporated
in the growing solid. Both numerical and material balance results give two solutions, with an
extremum value of each variable beyond which steady detachment is impossible. This behavior
is now understood to originate from satisfaction of the material balance at two different gap
widths, with these two solutions becoming identical at an extremum condition beyond which the
material balance cannot be satisfied. Only one solution is obtained when no gas is incorporated
in the solid. In the presence of gravity, the gas pressure in the gap must be much larger to
compensate for the added hydrostatic pressure, causing the gap width to be narrow.

Thus, residual gases play a major role in the Moving Meniscus Model, dissolving in the melt at
the vapor end of the ampoule, and being expelled across a meniscus into the gap between the
growing solid and the ampoule wall. Many uncertainties remain in this model, primarily because
the behavior of the dissolved gases and their influence on the properties of the melt are unknown.

2 A contact angle much less than 90° is generally said to characterize wetting behavior, while a non-wetting liquid
would have a contact angle much greater than 90°. Non-wetting behavior favors detached solidification.



The objective of the present research proposed here was to clarify the role of oxygen in detached
solidification.

Over the years it had been proposed that oxygen forms an oxide film, increases the contact angle
of the melt on the ampoule wall, and avoids compositional inhomogeneities by stopping
Marangoni convection arising from temperature and composition gradients along the meniscus.
These remain speculative. For example, Duffar et al. [11] claimed that “semiconductors can
present very high contact angles on crucible materials, due to slight amounts of pollution by
residual gases. This phenomena is used to explain the de-wetting of semiconductors observed
when grown under microgravity conditions in smooth crucibles.” The basis for this conclusion
is their observation made in sessile drop experiments with InSb on silica [12]. As described in
[11], “it was practically always necessary to shake the molten drops a little bit in order to
measure the contact angle corresponding to thermodynamic equilibrium (112° in this particular
case), otherwise contact angles as high as 170° might have been measured. This effect is
attributed to absorption of some impurity at the surface of the drop which creates a layer
subsequently removed when shaking. In any case this layer cannot be confused with a solid peel
on the drops which were always perfectly clean and shiny before, during and after the
experiments. The vacuum in the ampoules during sealing was below 107 7 mbar.” In other words,
the authors attributed contact line pinning to the adsorption of impurities at the liquid-vapor
interface. Furthermore, they assumed that this adsorption increased the contact angle. Numerous
experiments with liquid metals on oxide surfaces have shown, however, that dissolved oxygen
always lowers the contact angle [e.g., 13-15] for liquid metals. (Most molten semiconductors
have metallic properties.) This behavior can be understood by examining the terms in the Young
equation (without debating the merits or validity of this classical relationship):

COS(B) = E"i.__-_(i‘i 6))

v

where 0 is the contact angle, o5 is the surface energy between the vapor and the solid, oy is the
surface energy between melt and vapor, and oy is the surface energy between melt and solid. The
surface energy oys between the vapor and the oxide solid should be relatively unaffected by the
presence of trace amounts of oxygen. The surface tension oy, between liquid and vapor is
lowered by oxygen adsorption on this surface, in accordance with the Gibbs relationship. The
surface tension oy tends to be strongly lowered by oxygen in the metal melt, due to chemical
interactions with the solid [13]. One mechanism involves formation of 07 and positive metal
ions that are attracted to the negatively charged oxygen atoms at the oxide surface. In some
cases, a new oxide phase forms at the interface. Thus, both o and oys are decreased, thereby
increasing cos0 and so decreasing the contact angle 0.

Another role sometimes attributed to oxygen in detached solidification is the suppression of
convection driven by surface tension gradients along the meniscus. Although we have shown [3]
that such Marangoni convection has little effect on the transport of gas into the gap, it would be
expected to perturb the distribution of impurity dopant in the resulting crystals. Oxygen
adsorption on the meniscus could explain why some crystals solidified with detachment
exhibited no such perturbations while others did.




1.2. Contact-Angle Measurements

Many techniques were available for measurement of contact angles [16-21]. The sessile-drop
technique shown in Figure 1.3 seemed most useful for liquid semiconductors because of the
necessity to control the ambient gas surrounding the melt [22-29]. A solid piece of material is
placed on a horizontal surface. The temperature is raised until a molten drop is formed. A
photograph is taken from the side. The contact angle is obtained from the profile of the drop.
‘When the drop is symmetric, software is available to fit the shape to theory such that values are
obtained for both melt surface tension and contact angle. A simple protractor can be used when
the drop is not symmetrical, to yield different values for the left and the right contact angles.

vapor

solid

Figure 1.3. Schematic diagram of sessile drop technique.

One must distinguish between static and dynamic contact angles. The static contact angle is that
measured when the contact line between vapor, melt and solid is stationary. Dynamic contact
angles are those measured while the contact line moves. If the contact line is moving away from
the melt, this is called the advancing contact angle. It the contact line is moving toward the melt
(as in detached solidification), it is a retreating contact angle. The advancing contact angle tends
to be greater than the static contact angle, while the retreating contact angle is smaller, with the
values of both typically dependent on the rate of contact-line movement. In other words,
movement of the contact line is inhibited. This sticking, and the resulting hysteresis when the
direction is reversed, is usually attributed to heterogeneities in the solid surface [30-37]. All
surfaces are heterogeneous on some scale, either due to variations in the surface elevation or to
variations in surface composition.

In the sessile drop technique, an advancing contact line is best generated by continual injection
of liquid into the drop, e.g. by a hypodermic needle, while withdrawal of liquid causes a
retreating contact line. Such methods are not practical for semiconductors and liquid metals,
however, because of their easy oxidation when exposed to the atmosphere. Estimates of
advancing and retreating contact angles can be obtained by tilting the surface on which the drop
rests. When the drop just begins to roll down the surface, its profile yields estimates of both
advancing and retreating contact angles.
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2. INTERACTION OF OXYGEN WITH MOLTEN Ga-DOPED InSb

Sessile drop experiments were performed on molten InSb containing ~0.1%Ga on clean quartz
(fused silica) surfaces. A cell was constructed through which a mixture of argon, oxygen, and
sometimes hydrogen were flowed. When the oxygen partial pressure exceeded approximately
107 bar in the absence of hydrogen, oxide formed on the surface of the melt that prevented it
from deforming or moving on the substrate. This oxide was highly enriched in Ga. Reduction of
the oxygen pressure or addition of 10% hydrogen to the argon caused the oxide to dissociate so
that a shiny drop formed that easily moved across the substrate when the apparatus was tapped or
the substrate was tilted slightly. Experiments performed on such shiny drops revealed that the
surface tension of the molten InSb decreased with increasing hydrogen and oxygen partial
pressures, and was relatively independent of temperature. It was estimated that this oxygen
influence was caused by adsorption of %4 of a monolayer of oxygen on the melt surface. The
contact angle on quartz decreased with increasing oxygen pressure, and was relatively
independent of hydrogen pressure or temperature, indicating that the solid-melt surface energy
also was decreased by adsorbed oxygen. Both surface tension and contact angle appeared to
vary with the square root of the oxygen partial pressure, indicating that oxygen dissociates when
it dissolves in or adsorbs on the InSb. Raising the temperature caused a momentary decrease in
oxygen concentration in the exit gas. This was attributed to adsorption of additional oxygen onto
the surface of the melt. Tapping the apparatus increased the contact angle by about 0.6°,
presumably because tapping overcame contact line sticking. Contact line sticking also caused a
few degrees difference in upper and lower contact angles when the substrate was tilted until the
drop rolled down.

2.1. Introduction

In Bridgman crystal growth of semiconductors, quartz ampoules are typically used that have
been evacuated and backfilled with helium or argon. Even when a quartz ampoule is sealed with
a high vacuum, outgassing and even diffusion through the ampoule wall lead to a residual gas
pressure on the order of 10 Torr (~0.01 bar) [1-3,35]. Several percent of hydrogen is frequently
added to avoid formation of oxide that can cause sticking of the crystal to the ampoule wall as
well as formation of grains, twins and precipitates. Addition of H, to avoid oxide was essential
in achieving detached solidification of Ga-doped InSb on Earth [5]. HgZnTe grew detached if a
carbon getter was included in the ampoule [6,7].

Adsorbed impurities have been implicated in detached solidification through an increased
contact angle 0, which theory indicates should favor detachment (e.g., [8,9]). Duffar et al. [10]
claimed that “semiconductors can present very high contact angles on crucible materials, due to
slight amounts of pollution by residual gases. This phenomena is used to explain the de-wetting
of semiconductors observed when grown under microgravity conditions in smooth crucibles.”
The basis for this conclusion is their observation made in sessile drop experiments with InSb on
silica [10]. As described in [9], “it was practically always necessary to shake the molten drops a
little bit in order to measure the contact angle corresponding to thermodynamic equilibrium
(112° in this particular case), otherwise conmtact angles as high as 170° might have been
measured. This effect is attributed to absorption of some impurity at the surface of the drop
which creates a layer subsequently removed when shaking. In any case this layer cannot be

10




confused with a solid peel on the drops which were always perfectly clean and shiny before
during and after the experiments. The vacuum in the ampoules during sealing was below 1 o’
mbar.” The most likely impurity that interacts strongly with molten semiconductors is oxygen.

Numerous experiments with liquid metals on oxide surfaces have shown that dissolved oxygen
always lowers the contact angle as well as the surface tension of the melt-gas interface [e.g.,11-
14]. Silicon is the only semiconductor for which the influence of an impurity on surface
properties has been extensively investigated. Sessile drop experiments showed that oxygen
lowers the surface tension of molten silicon [15-19]. Huang et al. displayed their data versus the
partial pressure of oxygen [15], while Niu et al. correlated their results versus the square root of
the oxygen pressure based on oxygen dissociating upon entering molten Si [16-18). Huang er al.
also found that the contact angle of the melt on pyrolytic boron nitride decreased with increasing
oxygen partial pressure, and measured higher oxygen and boron concentrations on the surface of
frozen drops than in their interior [15]. Kaiser et al. attributed a slow decline in contact angle of
germanium on oxide substrates to dissolution of oxygen in the melt [20].

2.2. Experimental apparatus and methods

Details of the experimental apparatus and methods are given elsewhere [21,22]. A schematic
diagram of the apparatus is shown in Fig. 2.1. It consisted of the following parts:

e A Thermcraft three-zone split tube furnace to melt the InSb and maintain the resulting drop
at the desired temperature.

e A cell containing a fused silica substrate to support the sessile drop (Fig. 2.2).

A system to flow a gas of desired composition through the cell.

e An oxygen analyzer to measure the fugacity (partial pressure for an ideal gas) of oxygen in
the gas flowing out of the cell.

e Supporting structures to hold the cell suspended in the furnace and a motor-gear assembly to
tilt the cell.

e An optical system to videotape the drop profile during the experiment.

Several gas mixtures were used in the experiments, including regular industrial-grade argon,
ultra-high purity (UHP) argon, UHP argon premixed with 10% hydrogen, argon with 3-ppm O,
added, and argon with 6-ppm O,. Argon is extracted from air by distillation. Since the vapor
pressures of oxygen and argon do not differ widely, it is virtually impossible to remove all
oxygen from argon. Our gas supplier (Mermriam-Graves Industrial Gases and Welding Products)
specifies their industrial grade argon as containing <8-ppm O, and <5-ppm moisture, and their
ultra-high purity argon with <1-ppm O, and <5-ppm moisture. An Oxisorb ® oxygen-getter unit
from Messer Griesheim (Krefeld, Germany) was used in some experiments to reduce the oxygen
content of the argon. Oxisorb is claimed to remove both moisture and oxygen, to yield an oxygen
concentration <0.1 ppm.

11
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Figure 2.2. Schematic diagram of the cell.

1. Ground and polished optical quality fused silica discs (30 mm ID x 32 mm OD).
2. InSb sessile drop.

3. Fused silica microscope slide (75 mm x 25 mm).

4. Fused silica inlet gas tube (8 mm ID, 10 mm OD and 70 cm long).

5. Fused silica outlet gas tube (8 mm ID, 10 mm OD and 70 cm long).

6. Fused silica cylinder (30 mm ID, 32 mm OD and 75 mm long).

7. View of the CCD video camera.

8. Riser for inlet and outlet gas tubes (15 mm long).

The oxygen fugacity in the gas flowing out of the experimental cell was measured by a DF-150
non-depleting coulometric oxygen analyzer from Delta-F Co. Such oxygen sensors are claimed
to be the most efficient instruments to measure the oxygen content in gases, especially for trace
amounts. They are more stable than galvanic sensors and the electrodes are non-depleting, as
neither electrode undergoes chemical changes while oxygen is being measured. The DF-150 is
able to measure oxygen concentrations between 0.01 ppm and 10 ppm, and requires a sample
pressure between -5 and +5 psig, a sample flow rate between 1 and 5 standard cubic feet per hour
(scfh), and an operating temperature between 5°C and 50°C. After purging the apparatus for 1
day with industrial argon the oxygen analyzer showed 0.6 to 0.7-ppm O,, and gave 0.3-ppm O,
purging with ultra-high purity argon.

Contact-line sticking can inhibit motion of a sessile drop, which probably accounts for the
observation of Duffar et al. [9,10] quoted above. It also causes the contact angle of a moving
drop to deviate from the equilibrium static value, increasing the contact angle at the advancing
contact line and decreasing the contact angle at the retreating contact line. The difference
between advancing and retreating contact angles is known as contact-angle hysteresis. An
indication of contact-angle hysteresis can be obtained by tilting the substrate on which the drop
rests. Contact-line sticking causes the upper contact angle to decrease and the lower contact
angle to increase. As the substrate is tilted farther, eventually the contact-line sticking is
insufficient to prevent the drop from rolling down the surface. The difference between upper and
lower contact angles just prior to the commencement of drop movement is a measure of contact-
angle hysteresis. Here, tilting of the cell containing the substrate was achieved by employing a
motor-gear assembly attached to the gas tubing exiting the cell. When desired, the gear was
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rotated with a 0.23 rpm synchronous motor, either clockwise or counterclockwise.

Our preliminary experiments revealed that excess vibration in our laboratory caused the surface
of the sessile drop to shake, making measurement inaccurate. Additionally, in attempting to
measure contact-angle hysteresis by tilting the substrate, the vibration led to premature rolling of
the drop down the incline. Consequently, the end supports for the cell were placed on vibration
damping pads with metal weights to depress the pads. This eliminated the vibration problem.

A Sony SSC-M374 black and white CCD camera fitted with a MLH 10X zoom lens was used to
view the drop through the gas-entry end of the furnace. A light source (Sylvania 100 watt bare
bulb) was placed at the other end of the furnace, so that the drop was seen as a silhouette. The
CCD camera was connected to a P2 Time Traveler time code generator to insert the time on each
frame. The view of the drop was displayed on a Videotek monitor and recorded using a Sanyo-4
Head/Field Advance videocassette recorder. A welding filter was placed between the CCD
camera and the furnace to eliminate excessive light that otherwise caused haziness in the video
picture. The camera assembly was mounted on an optical bench and could be moved in both
directions perpendicular to the axis of view.

In the preliminary experiments, a reflection of the drop was observed on the surface of the
substrate due to the misalignment between the axis of the camera lens and the surface of the
substrate. This misalignment and the resulting reflection were eliminated by adjustment of the
heights of the supports for the ampoule (See Fig. 2.3).

For an experiment, a weighed and cleaned sample of InSb was placed in the cell, which then
was integrated into the gas-flow system. The gas flow was begun at about 1.6 scth and a
pressure of about 2 psig. The oxygen analyzer was turned on about 10 min after this gas purging
was begun. Immediately after turning it on, the oxygen analyzer read about 11-ppm O;. During
the first few minutes the oxygen reading decreased rapidly, and subsequently decreased slowly.
The furnace temperature was gradually raised to 550°C over a 6-h period. Videotaping of the
drop was begun when the temperature reached 550°C and was continued throughout the
experiment. Afier several hours, a shiny drop resulted, provided either the argon contained 10%
hydrogen or had less than about 1 ppm of oxygen. Higher oxygen concentrations resulted in
oxidized drops that adhered to the substrate and did not move when the apparatus was tapped or
the substrate tilted, whereas shiny drops readily moved.

A gas purge time of 24 to 36 h was used in order to make certain the surface of the drop was
clean and that the oxygen analyzer was reading a constant value. After this time, the gas exiting
the cell should have had the same composition as that entering, and the sessile drop should have
been in equilibrium with this gas. In all the experiments, as the gas in the cylinder was
consumed, the outlet pressure from the pressure regulator gradually increased, causing the flow
rate to slowly increase. At the same time, the oxygen concentration slowly decreased. The
increase in pressure and decrease in oxygen concentration tended to compensate one another, so
that the change in oxygen partial pressure (product of these two) was not large during an
experiment.
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Figur“2.3. Image of the drop from experiment 10 grabbed from the videotape.
Note that there is no reflection of the drop on the substrate surface.

After the sample had melted, the furnace temperature was changed stepwise over 30 h in the
following cycle — 550°C, 600°C, 650°C, 600°C, 550°C. At each temperature, the entire
experimental setup was left undisturbed for 6 to 8 h. Then the substrate was tilted
counterclockwise until the drop rolled down. Figure 2.4 shows a drop in the video frame just
prior to that in which the drop rolled down. The substrate was then rotated clockwise to bring
the drop back into view and set to horizontal. This tilting process was repeated twice more. To
measure the static contact angle, the inlet tube was tapped vigorously enough to cause the drop to
jump slightly off the substrate. This was done in order to eliminate any contact-angle pinning,
i.e., sticking of the contact line. After a few minutes, the temperature was changed to the next
value in the cycle. When the cycle was completed, the power to the furnace was turned off while
the gas flow continued until the furnace was at room temperature.

The analog signal from the videotape was transmitted to HLImage++98 (Western Vision
Software) image processing software, where it was converted to digital format and stored. The
pixel data were retrieved, one frame at a time, using a DT3152 frame grabber from Data
Translation Inc. For the determination of the static contact angle, three frames were selected
from the videotape corresponding to each temperature before and after tapping the apparatus, i.e.
6 at each temperature. A program was written [21] in Matlab 6.1 to detect the edge of the drop
using the Prewitt edge operator [25] in the Matlab image-processing toolbox. The resulting
binary image was further processed using a C program to obtain the profile of the drop, i.e., the x
and z coordinates of the drop edge [21]. The resulting coordinates were used in ADSA-P [26],
which yields the surface tension and the contact angle best fitting the drop edge coordinates to
the theoretical shape of this sessile drop in the gravitational field [27]. Contact-angle hysteresis
was estimated using the digitization and image processing procedures above, followed by
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aligning tangents on the two sides of the drop using HLImage++98. The difference between the
resulting two contact angles is defined here as contact-angle hysteresis.

Figure 2.4. Image of the drop on a tilted substrate from experiment 12.
This image was grabbed just before the drop rolled down the substrate.

2.3. Experimental results

Addition of hydrogen to the argon gas did not result in a decrease in oxygen concentration of the
gas entering the oxygen analyzer.

‘When the furnace temperature was increased to the next higher value in the cycle, there was an
almost instantaneous decrease of 0.02 to 0.05 ppm in the oxygen analyzer reading, which
subsequently increased and stabilized at the value existing before the change in temperature.
This all transpired in 1 to 2 min. When the temperature was decreased to the next lower value in
the cycle, the reverse process occurred.

The frozen drops from the experiments were examined by optical microscopy, scanning electron
microscopy (SEM) and energy dispersive x-ray spectroscopy (EDX) in the SEM. Each frozen
drop was rounded with one or more protrusions, as shown in Fig. 2.5. Such protrusions are well
known when group IV, I1I-V and II-VI semiconductors are frozen, and arise because the melt has
a greater density than the corresponding solid. Some drops had rough black oxide coatings.
Figure 2.6 shows a cross section of such a coating. As shown in Fig. 2.7, EDX spectra of these
coatings displayed peaks not only for In, Sb and O, but also a strong peak for Ga. EDX of the
starting material showed no Ga peak. Glow discharge mass spectroscopy of a piece of the
starting material was performed by the Institute for National Measurement Standard, National
Research Council, Canada, and showed approximately 0.1 atom% Ga. This Ga concentration is
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below the detection limit for our EDX. As shown in Fig. 2.8, the ratio of Ga to In peak heights
of the surface of frozen drops increased with increasing oxygen concentration during the
experiment. That is, the enrichment of the oxide in Ga increased with increasing oxygen
concentration in the gas. The data shown in Fig. 2.8 were correlated by three different equations:

Ga/In=0.26+1.4x10°Po, R?=0.84, p=0.083 (1)
Ga/In=0.040+400,/Pg, R?>=0.87,p=0.067 )
Ga/In=420,/P, R? = 0.87, p=0.0020 3)

where Ga/ln is the ratio of EDX peak heights, P ) is the oxygen partial pressure in bar, R is the

correlation coefficient squared, which is the fraction of the vanation in Ga/in explained by the
correlation, and p is the probability that the true slope was negative rather than positive as found.
Thus, the best correlation is that giving the highest R? and the lowest p. For this reason, we
chose to plot Ga/In versus the square root of the oxygen partial pressure in Fig. 2.8.
Additionally, as shown later, the contact angle and surface tension also correlated best against

Po, -

Figure 2.5. Image of a frozen InSb drop resulg from experiment 11.
Notice that the edges of the sample are rounded and there are two shiny protrusions.
The scale is in mm.

17



wred e 0 O

SHum

O A ——

Figure 2.6. Cross section of a heavily oxidized frozen drop.
The oxide layer is about 40 um thick.
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Figure 2.7. EDX spectra of the surface of an oxidized frozen drop.
Note the peaks for oxygen, gallium, indium and antimony.
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Figure 2.8. The influence of average oxygen fugacity (square root of oxygen partial pressure) during
sessile-drop experiments on the ratio of the peak heights of Ga and In in the EDX spectra of dull portions
of frozen drops. The gray bar shows the range of oxygen partial pressures used in the experiments from
which contact angles and surface tensions were obtained.

A

Sessile drops that were shiny and moved easily on the substrate always had a dull surface when
they were frozen. Scanning electron microscopy of frozen drops revealed dark islands, as shown
in Fig. 2.9. The size of these islands was smaller when 10% hydrogen had been added to the gas.
EDX spectra of these dull regions showed Ga and O peaks. Thus, the black islands are believed
to be oxide. Whether these were present during the experiment or formed during cooling and
freezing is uncertain. The protrusions that were ejected during freezing remained shiny and
showed no Ga or O EDX peaks.

There were five experiments (out of many) in which everything worked perfectly to obtain good
sessile drop data: the drops remained shiny during the experiment, moved easily, and gave good
images for analysis. Multiple regression analysis showed that the temperature dependence of
contact angle and surface tension was less than the scatter in the data. The surface tension was
independent of tapping on the inlet tube, while the contact angle increased by an average of 0.6°
after tapping. Since tapping tends to eliminate the influence of contact-line sticking and gives
values nearer equilibrium, only data after tapping were used to correlate the contact-angle data.
Both surface tension and contact angle decreased with increasing oxygen concentrations, as
shown in Figs. 2.10 and 2.11.
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Figure 2.9. Scanning electron micrograph of a dull portion of the frozen drop
from experiment 14. The black islands are believed to be oxide.
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Figure 2.10. Average surface tension versus the average square root of the oxygen partial pressure in the
five successful sessile drop experiments.
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Figure 2.11. Average contact angle versus the average square root of the oxygen partial pressure in the
five successful sessile drop experiments.

The surface tension was decreased by adding Hj, while contact angle was unaffected by H,.
Correlations obtained versus the square root of oxygen partial pressure were far superior (much
higher R?) to linear relationships. Since hydrogen was either absent or at 0.1 mole fraction, we
were unable to distinguish between linear and square root dependences on H, partial pressure.
The final correlating relationship for surface tension from 123 data points was:

Yv1 =0.60 - 0.015Py, —350, /Poz R?>=0.58, pu=4x10"¢ po=6x10%*  (4)
where v is the melt surface tension in N/m, Py 5 is the hydrogen partial pressure in bar, py is the
probability that the coefficient for Py, is positive, and pg is the probability that the coefficient

for JPOZ is positive. The 95% confidence limits for the coefficient for Py, are -0.019 and -

0.012, i.e. there’s a 95% probability that the true slope lies between these values. The 95%
confidence limits for the coefficient for 1/Po2 are 410 and -300. The final correlating

relationship for contact angle from 66 data points was:
8=170-1.9x10* [Py R? =0.29, p = 3x10° (5)
where 0 is the contact angle in degrees. The 95% confidence limits for the coefficient for
Po, are -2.6x10° and -1.1x10%.

The angle of tilt at which the drop rolled down the silica substrate ranged from 0.005 to 8.2°, and
averaged 1.5°. The lower contact angle just prior to rolling down ranged from 155 to 162°, with
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an average of 158°. The upper contact angle just prior to rolling down ranged from 146 to 156°,
with an average of 151°. The hysteresis ranged from 1 to 14°, and averaged 7°. There was
negligible correlation of these parameters with one another and with temperature, oxygen partial
pressure, hydrogen partial pressure.

2.4. Discussion and Conclusions

Addition of hydrogen did not measurably reduce the oxygen concennauon in the exiting gas,
indicating that negligible reaction between hydrogen and oxygen occurred.* The residence time
for the gas in the cell was approximately 2.4 s. On the other hand, addition of 10% hydrogen
reduced prubnems with oxide formation on the drops. It is common to add hydrogen to the
backfill gas in crystal growth, and experience shows that this greatly diminishes problems with
oxide. Our results indicate that hydrogen directly reduced the oxide on our material, through a
reaction such as

Gay0; + 3H; = Ga + 3H,0 (6)
even though the hydrogen did not lower the oxygen concentration in the gas.

Gallium was concentrated in the oxide, which is not surprising because of the greater (negative)
free energy of formation of Ga,0; than for In,O; and Sb,O4 [29]. This phenomenon became
more pronounced as the oxygen concentration in the gas was increased. One would also expect,
therefore, that oxidation problems would become more severe as the Ga content of InSb is
increased.

At an oxygen partial pressure on the order of 107 bar, the average value of the vapor-liquid
surface tension vy,; was about 0.41 N/m. Harter et al. [10] reported the surface tension near the
melting point to be 0.43 N/m for InSb sealed in an ampoule thh an oxygen partial pressure less
than 5x107'° bar, but with a pressure of approximately 10~ bar upon opening the ampoule.
Lazrev et al. [30,31] reported the surface tension near the melting point to be 0.42 N/m. Thus
our surface tension results are consistent with those in the literature for InSb, indicating that its
surface tension is not appreciably influenced by 0.1% Ga in the melt.

We found that the surface tension decreased with the square root of the oxygen partial pressure.
When an impurity causes a surface energy to decrease, it is because the system free energy is
lowered by adsorption of the impurity on the surface. The relationship between surface excess I
and surface energy v is known as the Gibbs Adsorption equation (e.g., [32]):

oy
alnf) /RT Q)
where R is the gas constant, T absolute temperature, and f the fugacity (partial pressure for an
ideal gas) of the adsorbing species. Recorrelating the surface tension versus the log of the
oxygen fugacxty (partlal pressure), we find (Gyy; /6lnf) = - 0.092 N/m and from Eq. 7, T =
1.27x10°mol Oo/m®. The Gibbs Adsorption equation provides no information on the state of the
adsorbed gas nor on how many atomic layers this excess amount of oxygen is spread. However,
the observed dependence of surface tension on the square root of the oxygen partial pressure
indicates that the oxygen dissociates into atomic or ionic form. This would be expected if

* At equilibrium this reaction would be essentially complete. For example, with 10% H; and 100 ppm O, supplied
with Ar at 1 atm and 600°C the calculated equilibrium mole fraction of O, is approximately 10%
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molten InSb behaves as a metal, because diatomic gases are known to dissociate upon dissolving
in molten metals, giving rise to a solubility that depends on the square root of the partial pressure
of the gas (Sieverts’ Law [28,33]). We estimate the monolayer concentration by using the o~
crystal ionic radius, which is 1.32 A [34). Thus, for a square amray of oxygen ionms, the
monolayer concentration is approximately:

O=ion O,molecule molO, 485105 (molO 2 ) ®)
(1.32x10“1°m)2 20ions A 6.023x102°0 »molecules m2

Thus, I represents about 1/4 of a monolayer. This seems reasonable.

Changing the temperature caused momentary changes in the oxygen concentration in the outlet
gas. When the temperature was increased, the oxygen concentration decreased, and vice versa.
One possible explanation is that the melt absorbed (dissolved) oxygen when the temperature was
increased and vice versa, due to the solubility of oxygen in InSb increasing with temperature.
This would be reasonable as the solubility of oxygen in liquid metals usually increases with
increasing temperature, i.e., dissolution in liquid metals is usually endothermic (e.g., [28]).
However, the observation was that the oxygen concentration change was almost instantaneous.
If exchange with the interior of the molten drop is required, then diffusion through the drop must
occur and that would be relatively slow. Another possibility is that exchange occurred with
oxygen adsorbed on the drop surface, with the surface excess increasing with increasing
temperature. While such exchange requires no diffusion and so should be rapid, we need to
confirm that there was sufficient surface excess for this to be reasonable. We compare estimates
of the change in moles of oxygen resulting from a temperature change with the total moles of
oxygen adsorbed on the drop. Let us assume a flow rate of 1.6 scth, a change in oxygen
concentration of 0.035 ppm for 1 s, and a temperature of 873 K. The ideal gas law then gives the
amount of oxygen released into the gas as:

1663Gas | h )(15 0.035x10 °molO, molGas-K latm)
h 3600s molGas 0.00290atm - ft 3 Gas A\ 873K

=7.4x10"2mol0, (9)

The total amount of oxygen adsorbed on the drop is estimated by assuming the drop is
hemispherical with a mass of 0.4 g and a density of 6.5 g/em’:

2/3
_5 2
1.27x10 2m0102 X 3x0.4g : (;'_1_) 7 6x10-19mol0? (10)
m 21tx(6.5g/cm ) 100cm

Thus, the change in oxygen in the gas exiting the cell after a temperature change was only about
1% of the oxygen adsorbed on the drop. This does not preclude some exchange with oxygen
dissolved in the bulk melt.

The static contact angle found here was about 159° while the upper and lower contact angles
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from the tilting experiments were slightly lower. This is compared to 112° determined by Harter
et al. [10] using a sessile drop technique technique. This is a large discrepancy and the reason
for it is unknown, although it should be noted that our static and tilting contact angles were
almost the same even though they were obtained using two quite different image processing
methods. Perhaps the small amount of gallium in our sample could account for our larger value
because of vastly altered interactions with the silica substrate. Consequently, we are performing
additional experiments with more pure InSb.

Here, the contact angle also was observed to decrease with the square root of the oxygen partial
pressure, indicating that dissociated oxygen was responsible for the decrease. The classical
relationship Young equation between surface energies and contact angle 0 is:

Ysv — Vsl (1 1)

Tiv

where v, is the energy (J/m?) of the solid-vapor surface, Ys is the energy of the solid-melt
surface, and v, is the energy (surface tension) of the melt-vapor surface. For 0 > 90° as observed
here, cos 0 <0, indicating that v > vs,. We have shown that oxygen decreases yi. If sy and yq
were unchanged by oxygen, the decrease in y;, would cause 0 to increase. Since 0 decreased,
either Y,y was increased or yg was decreased by oxygen. It is thought unlikely that v, is
appreciably influenced by oxygen, and much more reasonable that oxygen acts to lower yq,
perhaps by adsorption of oxygen ions on the silica surface. Similar behavior has been observed
for the surface tension and contact angle of liquid metals in the presence of oxygen (e.g., [12]).

cosf =

Even for drops that remained shiny and mobile during an experiment, islands of oxide (Fig. 2.9)
formed dull sections when these were frozen, while the extruded protrusions remained oxide
free. One possibility is that these oxide patches formed as the drops were cooled because of
reduced oxygen adsorption and reduced solubility in the melt. Another possibility is that the
oxide islands were present on the molten drop during experiments. The apparent lack of
agglomeration of these islands suggests that they repelled one another, probably because of
adsorption of O™ ions. One could argue that this would decrease the effective surface tension of
the melt, with increasing oxygen in the gas causing more oxide islands and decreasing the
measured surface tension. However, hydrogen was observed to decrease these oxide islands and
so by this argument would have increased the surface tension. Rather, hydrogen decreased
surface tension, perhaps by adsorbing on the surface of the melt.

Addition of hydrogen did not noticeably influence the contact angle 6. Perhaps the increase in 0
caused by the decrease in ), was compensated for by a decrease in 8 through an increase in v
One might imagine that H' dissolved in the melt causes less adsorption of O™ on the silica
surface.

The variation in contact-angle hysteresis can be explained by the influence of
microheterogeneities on the silica substrate. Contact-angle hysteresis is usually attributed to
such heterogeneities, which vary over a substrate surface. The drop was in a different location in
each experiment and would have experienced different heterogeneities.
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3. REVISED EXPERIMENTAL METHODS

The experiments reported in the previous section utilized Ga-doped InSb, could not reach
sufficiently low oxygen concentrations. The methods for extracting contact angles from drop
images produced excessive scatter in the data as well as values that exceeded those in the
literature. The work described in this section was aimed at producing reliable results on high-
purity InSb with much lower oxygen concentrations.

3.1. Experimental apparatus

The apparatus consisied of the following components:

1. A three-zone clamshell furnace with silicon carbide heating rods (Thermcraft Inc.). Each
zone had its own temperature controller.

2. Supporting structures for the furnace over thick rubber pads to minimize vibration of the
experiment cell.

3. A quartz (fused silica®) cell with a quartz microscopic slide for the InSb sample.

4. A motor-gear assembly to rotate the cell. Used to maneuver the InSb sample into position
and make the quartz microscope slide horizontal during experiments.

5. A CCD camera (Sony) to view the molten drop, with a lamp at the opposite end of the
furnace to illuminate the drop. The camera was connected to a monitor and a computer.

6. A computer equipped with an image acquisition card.

7. A gas supply system consisting of cylinders of the desired gas mixtures, an Oxysorb unit,
copper tubing with Teflon fittings connected to the experiment cell, and pressure regulators
to measure and control the pressure at the inlet and outlet.

8. An oxygen analyzer to measure the oxygen concentration in the outlet gas. This analyzer
included a rotameter to measure the flow rate of the gas in standard cubic feet per hour
(scth).

Figure 3.1 shows a diagram of the furnace with the quartz experiment cell and its connecting

tubing.

3.3. Description of components
3.3.1. Split-tube furnace

The split-tube furnace had three zones with eighteen silicon carbide heating rods, nine each on
the top and the bottom. Each zone had its own temperature controller (Wahl Instruments Inc.)
coupled with silicon-controlled rectifiers (Eurotherm Inc.). Optical-quality fused-silica discs
(Chemglass Inc.) were used to cover the large openings on the two ends of the furnace to reduce
heat loss and to provide an inside view of the sample to the external CCD camera. The quartz
tube connected to the experiment cell passed through holes in these discs, which were 10.6-cm in
diameter and 0.63-cm thick.

5 "Quartz" is the term commonly used to describe fused silica, i.e. glass made from relatively pure silica. The terms
"quartz” and "fused silica" are used interchangeably here, as is common practice.
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Figure 3.1. Pictorial representation of the fumace. 1. Optical quality fused silica disc. 2. Quartz
inlet tube for the cell. 3. Chamber containing the fused silica substrate. 4. Refractory brick
insulation. 5. Quartz outlet tube for the cell. 6. Silicon carbide heating elements.

3.3.2. Quartz cell

The experiment cell consisted of an inlet tube, a cylindrical chamber containing the substrate
plate, and the outlet tube. The inlet and outlet tubes were 8-mm ID X 10-mm OD. The substrate
plate, which was basically a microscopic slide (25 mm X 45 mm), was fused inside a 26-mm ID
glass cylinder with optical quality glass windows on both ends. This cylinder with the fused
substrate plate is called the chamber. A pictorial representation of the cell is shown in Figure
3.2

3.3.3. Gas system

To maintain a continuous flow of gas there were gas cylinders, pressure regulators, copper tubes,
Teflon fittings, and an Oxisorb unit to remove residual oxygen and water vapor from the gas.
Forming gas (Ar + 10%H,) was used for 1 day during preheating the sample and purging the
system. Scientific-grade helium was used for the experiments. Forming gas was used for
preheating to reduce any oxide present on the sample’s surface and, additionally, it is less
expensive than scientific-grade helium. A 0.64-cm OD copper tube connected the pressure
regulator of the gas cylinder to the quartz inlet tube of the cell. Teflon and stainless steel
compression fittings were used for connections and brass swivel fittings were used to facilitate
the rotation of the cell. The flow rate of the gas was controlled both by the pressure regulators
and by ball valves.
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Figure 3.2. Quartz cell. Ground and polished optical-quality fused silica discs (30-mm ID x 32-
mm OD). 2. InSb sessile drop. 3. Fused-silica microscope slide (45-mm x 25-mm). 4. Fused
silica inlet gas tube (8-mm ID, 10-mm OD). 5. Fused silica outlet gas tube (8-mm ID, 10-mm
OD). 6. Fused silica cylinder (26-mm ID). 7. View from the CCD video camera. 8. Risers for
inlet and outlet gas tubes (15-mm long).

3.3.4. Oxygen analyzer

The oxygen concentration was measured at the outlet by using a non-depleting coulometric
oxygen analyzer (Delta-F Co.). Figure 3.3 shows a photograph of the analyzer. Figure 3.4
shows a diagram of its construction. Its operating range and sensitivity were specified as:

Pressure -5 to +5 psig
Temperature 5to 50°C

Flow rate of gas 1 to 5 scth

Sensitivity 0.01 to 10 ppm of oxygen

In the operation of this analyzer, sample gas diffuses through a diffusion barrier to the cathode,
which is in contact with an electrolyte solution [1]. Oxygen is reduced at this electrode to
hydroxyl ions. Assisted by a potassium hydroxide electrolyte, the ions migrate to the anode,
where they are oxidized back to oxygen. The chemical reactions at the electrodes are:

Cathodic: 0,+2H,0+4¢ 240H
Anodic: 40H 2 0,+2H,0+4¢

The electric current produced is proportional to the number of oxygen molecules reduced at the
cathode. Because there is no membrane attached to the diffusion barrier, the response is rapid.
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Figure 3.4. Schematic diagram the Delta-F oxygen analyzer [1].

3.4. Experimental methods

The basic principle of studying a sessile drop of molten InSb remained the same, although there
were numerous changes made in the experimental techniques, apparatus and analysis methods.
It was observed that cleanliness was one of the most important factors in obtaining accurate
results, so some changes were made in the experimental methods. Extreme care was taken to
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achieve cleanliness. The methods used here are described below, including the changes that
were made from the previous methods and the reasons for these changes.

3.4.1. Changes in the apparatus

In the previous experiments, we unable to achieve sufficiently low oxygen concentrations.
Consequently, all unnecessary fittings were removed from the gas flow system because each
fitting represents an opportunity for a leak of air into the system. The Teflon compression
fittings were replaced with new ones because Teflon slowly deforms when stressed. The
Oxisorb unit was replaced with a new one. To provide more precise control of pressures from 3
to 4 psig, the §-60 psig feed gas regulator was changed to one with a range of 0-30 psig.

The quartz cell was frequently replaced with a new one, with no more than four experiments
conducted using each. This replacement was done because of concern over accumulated damage
to the surface of the quartz plate due to sticking by the solidified drops. The length of the
substrate plate and chamber was decreased from 75 mm to 45 mm because the extra length was
not needed and had the disadvantage of increasing the stress on the plate, sometimes even
resulting in cracks. The diameter of the glass cylinder forming the chamber was decreased from
30 mm to 26 mm so that the 25-mm wide plate rested on a chord positioned at a higher level than
before, thereby providing a better view of the drop. The rear end of the substrate plate was not
allowed to touch the back chamber window, thereby greatly facilitating gas exchange with the
portion of the chamber beneath the plate. A diagram of the resulting chamber is shown in Figure
3.5.

Previously, a VCR was used with the CCD camera to record sessile-drop images, some of which
were grabbed later for use in analysis. The VCR was replaced by a computer with an image
acquisition card (National Instruments Inc.) in it. The resolution of these digital images was far
better than those obtained using the analog video tapes.

3.4.2. Experimental procedure

The step by step procedure was as follows:

o (Cell preparation

- Cleaning

- Preheating (1100°C for 24 h)

- Purging with forming gas during preheating.

Sample cleaning

Introduction of sample into the cell

Attachment of the cell to the gas flow system

Preheating the sample for 24 h at 400°C while purging with forming gas

Varying the furnace temperature to aid in removal of gas from beneath the plate

Melting of the sample after the oxygen concentration became constant

Vibrating and tilting the cell to position the molten InSb, followed by adjusting the plate to

horizontal

e Capture images using the CCD camera connected to a computer equipped with an image
acquisition card

e Detailed analysis of images
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Figure 3.5. Fused silica Cell. 1. substrate plate (25x45-mm microscopic slide), 2. pure InSb sample,
3. glass cylinder (26x45 mm), 4. optical quality fused silica plate (26-mm diameter),
5. ~1 mm. gap, 6. riser for inlet and outlet gas tubes (12 mm)

3.4.2.1. Cell preparation

The quartz cell was soaked in aqua regia® for about 24 h, followed by thorough rinsing with de-
ionized water, acetone and methanol. The cell was allowed to dry completely under ambient
conditions before introduction into the furnace for preheating.

The cell was inserted into the furnace with forming gas flowing at 1 SCFH. The temperature
was slowly increased for 30 min and maintained at 1100°C for 24 h while the forming gas
continued to flow. There were three reasons for this prolonged purging. The first was to remove
chemisorbed water from the substrate plate, because the resulting -OH is known to affect the
contact angle of molten metals on silica [2]. The second reason for purging with forming gas
was to reduce any indium or antimony oxide. The third reason was to remove gas from beneath
the plate. To assist in the latter, the fumace temperature settings were from time-to-time
suddenly decreased and then increased. After 24 h of treatment the furnace was turned off with
the forming gas still flowing until the temperature fell to about 60°C-80°C. The cell at this time
was ready for sample introduction.

Changes in cell preparation from previous procedure
¢ Prolonged heating at 1100°C to minimize —-OH on plate surface

e Occasional step changes of ~600°C in temperature over a period of 6-7 hours.

¢ 1:3 ratio by volume of 67% HNO; and 37% HCI
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3.4.2.2. Sample cleaning

Pure zone-refined InSb was donated by Firebird Semiconductors. A small piece was soaked in
diluted HCY’ for about 12 h followed by rinsing with methanol in an ultrasonic bath, in order to
remove surface impurities. The sample was removed from the bath and wiped using delicate task
wipers (Kimwipes Inc.), and wrapped and stored in a new Petri dish for the short time before it
was introduced into the cleaned quartz cell. Extreme care was taken to keep the sample clean
and dry. The above cleaning was performed just after the cell had cooled from the preheating
treatment in order to avoid unnecessary exposure of the clean sample to ambient air.

3.4.2.3. Introduction of the sample and preheating at 400°C

After the sample was cleaned and the furnace had cooled to 60-80°C, the sample was introduced
into the cell as quickly as possible to avoid minimum intrusion of air. A temperature of 60-80°C
was hoped to be sufficient to avoid absorption of water vapor accompanying the air during
introduction of the InSb sample. As soon as the sample had been introduced, the cell was
reconnected to the gas supply system and forming gas flowed through it at 8-10 psig to remove
the air that had intruded while introducing the sample. After flushing for 5-10 min, the furnace
temperature was increased to about 200°C and held there for 30 min. The flow rate of forming
gas was kept at about 5 SCFH. The furnace temperature was increased to 400°C and held there
for 12 h, during which the furnace temperature setting was suddenly raised and lowered. After 12
h, the oxygen analyzer was turned on. It was important to turn the oxygen analyzer on only after
the oxygen concentration had fallen, because the manufacturer recommended that it not be
exposed to a gas having more than 25% oxygen [1]. A typical oxygen analyzer response is
shown in Figure 3.6.

Change from previous procedure
Quick introduction of the sample into a warm cell.

OA response (400 C)
12 4
10 -
5
£ 8-
i
§ 47
2 -
0 T i T T T 1
1:55:12 2:09:36 2:24:00 2:38:24 2:52:48 3:07:12 3:21:36
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Real time

Figure 3.6. Oxygen analyzer reading after purging with forming gas for 12 h at 400°C.

7 1:3 37% HCl and de-ionized water
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3.4.2.4. Melting the sample

After 12 h of heating and purging at 400°C, the gas supply was switched from forming gas to
scientific-grade helium, which flowed for another 12 h. This was followed by raising the furnace
temperature in increments of 50°C every 30 min until it reached 600°C. (The melting point of
pure InSb is 536°C [3].) The portion of the cell just protruding from the furnace was slowly
tapped by hand to avoid pinning of the drop, i.e. sticking of the contact line to the surface of the
plate. The cell was left under these conditions until the oxygen concentration no longer
decreased, approximately another 48 h. The oxygen concentration at this point in all the
experiments was 0.08-0.09 ppm.

After the above treatment, the drop had assumed what appeared to be an axisymmetric shape. It
rolled freely when the substrate plate was tilted as slowly as 0.23 rpm by employing the motor-
gear assembly. The drop was then brought into the middle of the plate using the cell rotating
assembly. It was illuminated from the exit end of the furnace using a bare 100 watt bulb. A
silhouette image of the drop was obtained at the camera end by placing an IR filter just in front
of the camera lens. An image of the drop was now available to be grabbed by the CCD camera
connected to the computer. LabView software on the computer was used with the frame-grabber
board to save high resolution digital pictures directly from the camera. One such digital picture
is shown in Figure 3.7.

Figure 3.7. Digital image of a silhouette of an InSb drop.

Changes from previous procedure
e Purged with helium for 48 h
e Computer used to grab drop images directly from the CCD camera input
e Oxygen concentrations as low as 0.08 ppm could be achieved compared to 0.2-0.3 ppm
in previous experiments.

3.4.3. Data analysis

Extracting contact angles from the sessile drop images consisted of the following four steps.
These are shown diagrammatically in Figure 3.8.




Edge Extraction using
ATLAB/HL image ++
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Change of origin and scaling the profile
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contact angle giving best fit to drop shape.

Figure 3.8. Steps in converting the drop image to values of surface tension and contact angle.

3.4.3.1. Edge extraction

The digital images of the drop were processed with the MATLAB function "batchscript," which
uses the Prewitt edge operator [4] to return a binary image of the edge of the drop. This method
finds edges using the Prewitt approximation to the derivative, and returns edges at those points
where the gradient of the image is a maximum.

3.4.3.2. Drop profile detection

The edge thus obtained was in binary format. This edge picture was opened using paint
software. The region of interest was selected and saved in a 256-bit color image file, as
illustrated in Figure 3.9. The plate edge was removed using the “fill with color” toolbar in paint
to convert the flat pixels to black, so that only the drop outline remained. (As shown in Figure
3.10, the horizontal plate could easily be seen by magnifying the edge image to 8 times.)
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Figure 3.9. Selection of the required region of interest and saving in the 256-bit format
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Figure 3.10. Magnified image to aid in blackening out the horizontal plate's pixels.

3.4.3.2. Determination of the coordinates, contact points and height of the drop

The data for the cropped region of interest were now loaded into MATLAB, which returned the
coordinates in SI units. The calibration was done using a frame from the CCD camera focused
on a sheet of graph paper inside the furnace that was moved until the image was sharp. The
position of the graph sheet should have exactly matched the position of the drop because the
camera focus had not been changed. The corresponding number of pixels in 1 cm length of the
graph was the scaling factor required to convert pixels into SI coordinates. The number of pixels
was calculated using the measurement tool of HL image ++ 98 software (Western Vision
Software), as shown in Figure 3.11.
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Figure 3.11. Conversion of pixels into SI units. Here, lcm ~330 pixels.

The MATLAB program pixcoord determined all the necessary parameters and no manual input
was required. This program was also used to calculate the density difference between molten
InSb [3] and the surrounding helium gas, assuming the gas to be ideal. The governing equations
are:

Pinsp (& cm>) = 7.111- (0.0006542) (¢ + 273) G.1)
_ (0.00018(273

P He(g/c";) T 14273 3-2)

Ap(g/em®) = prash - PHe (3.3)

The output was a text file of drop coordinates, which were the required input for ADSAP [19].
ADSAP utilizes Fortran code to generate a Laplacian curve by parameterizing arc lengths and
determines the surface tension and contact angle giving the best fit to the experimental drop
coordinates.

3.4.3.4. Problems with previous method of analysis

The previous method used a C program called “boundary,” which required the following inputs
to calculate the drop’s edge coordinates and convert these to SI units (See Figure 3.12):
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e Left contact point (x1,y1)
e Right contact point (x2,y2)
e Height of the drop (y0)

L 4
(x1,yD) - (x22¥2)

. R e kS + v e+ e = D b

Figure 3.12. Three-phase points of contact and the apex of the drop.

These five inputs required manual observations, which tend to differ from user to user and
experiment to experiment, and are, therefore, not very dependable. As illustrated in Figures
3.13-15, the contact angle given by ADSAP was highly dependent on the y-coordinates of the
contact points (y1,y2), and less dependent on the abscissas (x1,x2) and the maximum height (yo)
of the drop.

Variation of contact angle calculated
by ADSAP with Y contact pixel
g 160 7
€ 158 7
? 156 - angle = -1.8407 (y pixel) + 501.68
154 -
g 152 %
150 -
g e -
146 - 1 x . ,
186 188 190 192 194
Y pixel value of the contact point with the
substrate

Figure 3.13. Influence of contact point y-pixel value on contact angle calculated by ADSAP.
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Variation of contact angle caiculated by ADSAP
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Figure 3.14. Influence of contact point x-pixel value on contact angle calculated by ADSAP.

Variation of contact angle calculated by ADSAP
with maximum height of the drop (yo)
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Figure 3.15. Influence of maximum drop height yo on contact angle calculated by ADSAP.

Thus, the accuracy of the ADSAP result is highly dependent on the accurate detection of contact
points, which with manual observation cannot be relied upon. Therefore, a MATLAB code was
written that determines the contact points and the maximum height of the drop directly from the
digital image of the drop edge.

Changes from previous procedure
e Automatic detection of contact points and height of the drop using the MATLAB
program pixcoord.
e Only the useful part of the image was used and was magnified 8 times to remove the
substrate line using a paint tool.
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3.44. Contact angle determination using a polynomial fit near the contact point

The currently available implementations of ADSAP are not applicable to all situations, e.g., in
the presence of an electric field and for non-axisymmetric drops [5]. An alternative scheme is to
fit a polynomial to the drop shape near the contact point where the three interfaces meet, and
then differentiate the polynomial to get the contact-point slope, which is the contact angle. An
associated problem is to decide the number of pixels to be fit and the order of the polynomial. It
is desired that the contact angle results should not be too sensitive to the number of pixels taken
(P) and the order of the polynomial (O). Therefore, various drop profiles were fitted with
varying orders and number of pixels to examine the accuracy and stability of the results. A first-
order polynomial is very sensitive to the number of pixels and is, therefore, not suitable [5].
With higher order polynomials the calculated contact angle increases with increasing number of
pixels P until P has little effect on the contact angle, followed by a decrease in the results with
further increase in P (Figure 3.17). The correlation coefficient was selected as a good statistical
criterion because its behavior is similar to the sensitivity of the contact angle [5]. The square of
the correlation coefficient R? is defined as:

Z( polynomial ~— pmﬁle)xz

Z( profile — pmﬁle)iz

(3.4)

Basically, it is the fraction of the standard deviation of experimental measurements that is
explained by a correlation. Thus, in the present case R> = 1 would represent all pixels for the
drop profile falling exactly on the polynomial fit.

Another statistical tool which can be used to optimize fitting to the drop profile is the standard
error, which is defined here as:

P
Z(Ypolynomial - wa'aﬁle)i2

W
5= P-(0+1) (3:5)

The standard error was found to be low when the number of pixels, P, was small for each order
of polynomial O (Figure 3.18). However, the minimum standard error was almost equal (i.e.
~(.8) for all orders of polynomials. The correlation coefficient and the standard error criteria can
be used to determine the optimum number of pixels and order of polynomial. By
experimentation, it was concluded that a third-order polynomial fit over a curve length of about
0.5 mm is best [5].
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Figure 3.16. Average contact angles for different orders of polynomial fit,
versus the number of pixels [5].
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Figure 3.17. Square of the correlation coefficient (R?) for different orders of polynomial fit,
versus the number of pixels [17].
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Figure 3.18. Standard error (S) for several polynomials for different orders of polynomial fit,

versus the number of pixels [5]. .

3.4.4.1. Lagrangian polynomial fitting

This kind of interpolation uses the concept of divided differences when the x-values are not
evenly spaced. Consider, for example, the data table below:

x fx)
x1 fl
x2 2
x3 f3
x4 f4

If Ax is not uniform, then a cubic polynomial can be passed through these 4 data pairs. The
Lagrangian form of this is given in [6] as:

(x~x2)(x—x3)(x—x4) P (x—xl)(x-x3)(x—x4)
+

1 f2+
(ry =X X3y — 2305y —xq)  (5g —: N2 — X3 = %4)

P(x)= (3.4)

(x=x) Nx-x3 Xx—x4) (x—xl)(x—xz)(x—x3)
f3+

r4
(X3 —xl)(x3 —12)(X3 —14) (1’4 ‘X1XI4 "Xz)(.l‘4 —X3)
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Figure 3.19. Lagrangian polynomial fitting: 0.5mm section near the contact point
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4. RECENT RESULTS ON HIGH-PURITY InSb

As discussed in section 3.4.3.4 and shown in Figure 3.13, the contact angle given by ADSAP is
highly dependant on the y coordinate of the contact point. The slightest error in the
determination of contact point can cause a large error in the calculated contact angle. In using
the Laplace equation of capillarity to determine the contact angle and surface tension giving the
best fit to the drop coordinates, ADSAP assumes that the drop is perfectly axisymmetric.
Experimentally, however, this assumption is not always true. In addition, several factors can add
to uncertainty near the contact point and, thereby, errors in the result. These factors include
reflection from the substrate plate, reflections from the shiny metallic drop, and a non-
axisymmetric shape may add to noisc ncar the contact point. Therefore, an alternative scheme
was adopted to calculate contact angle that uses a polynomial to fit the drop profile near the
contact point. This technique can be used to find the contact angles on both the sides of the drop,
which often differ by two to three degrees. It also eliminates the high dependence of contact
angle on the contact point when using ADSAP. It is reported that the higher the order of the
polynomial (up to 10) the better the resulting contact angle agrees with that from ADSAP [1].

4.1. Polynomial technigue to determine contact angle
4.1.1. Fitting function

The coordinates (x,y) of the drop’s edge were extracted by the “pixcoord” program in MATLAB.
There are two different forms of the polynomial function that can be used for fitting - either
y = fix) or x = f(y). In both cases, the contact angle is found by differentiating the polynomial to
obtain the slope at the contact point. It has been reported that when the contact angle is near 90°,
the form y = f{x) yields more accurate results, whereas if the contact angle is near 180° the form
x = f{y) yields better results [1]. This is verified for one of the experiments, as shown in Figure
4.1. The correlation coefficient R is consistently closer to 1 for a polynomial fit of the form
x = f(y) than for y = f{x). Figures 4.2 and 4.3 show the drop profiles using y = f{x) and x = f(y).

Correlation coefficient RA2 vs. number of pixels
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Figure 4.1. Correlation coefficient squared vs. the number of pixels used to generate x=f(y) and y=f(x).
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4.1.2. Order of polynomial and the number of pixels used

In section 3.4.3.4 it was indicated that a third-order polynomial yields accurate results when
pixels near the contact point are used for fitting the drop profile. The drop size and the pixel size
used by Bateni et al. {2] differ from those used here. Therefore, the optimal number of pixels for
fitting the drop profile was determined empirically by plotting the square of the correlation
coefficient R? versus the number of pixels near the contact point. Figure 4.4 shows that the
optimum number of pixels is about 45 for a third-order polynomial. Compare this with Figure
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Figure 4.4. The square of the correlation coefficient versus the number of pixels
near the contact point, from fitting a third-order polynomial to the drop profile.

4.1.3. Substrate plate tilt correction

The contact angle is the inverse tangent of the slope at the contact point found using the fitted
polynomial, i.e.:

Contact Angle: 6 = 180° — tan™ (dX/dy)contact point 4.1)

This equation is valid only if the substrate plate is perfectly horizontal. However, it is quite
probable that the plate was tilted so slightly that this could not be observed during the
experiment. The tilt angle of the plate should be subtracted from the angle obtained from
equation 4.1 above. The tilt angle was determined using the measurement toolbar of HL image
software, as shown in Figure 4.5.
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Figure 4.5. Measurement toolbar of HL image software
used to determine the tilt angle B. Here,  ~ 0.24°.

So, the final equations used to calculate contact angles from the drop profile x=fy) are:
Right Contact Angle: 0, = 270° — tan'(dx/dy)contact poiat - B “42)
Left Contact Angle: 6;=90° + tan™'(dx/dy)contct point + B 4.3)

See Figure 4.6 for an example. Table 4.1 shows some experimental results.
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